Abstract The absorption efficiency of cholesterol is closely correlated to dietary phytosterol content and determined by genetic factors. The ATP-binding cassette (ABC) transporters ABCG5 and ABCG8 act as a sterol efflux pump to regulate the absorption of cholesterol and phytosterol. The levels of cholesterol and phytosterol associated with a Chinese diet are very different from those associated with a Western diet. This study aims to explore the association between serum total cholesterol/LDL-C levels and ABCG5/ABCG8 polymorphisms in a Taiwanese population consuming an ordinary Chinese diet. A total of 1,046 subjects (894 men and 152 women) were recruited in a hospital-based health check-up center in Kaohsiung Medical University Hospital. Five nonsynonymous polymorphisms of Q604E (ABCG5), D19H, C54Y, T400 K and A632 V (ABCG8) were analyzed by TaqMan genotyping assay. Analysis showed that the D19H polymorphism of the ABCG8 gene was significantly associated with serum total cholesterol, LDL-C levels and HOMA-IR index.
Introduction
Cholesterol homeostasis is a very complex process. The serum total cholesterol level is a reflection of the balance between intestinal absorption, endogenous cholesterol biosynthesis, LDL receptor uptake and biliary excretion. In healthy individuals, the average Western diet contains 250-500 mg of cholesterol and 200-400 mg of non-cholesterol sterols (e.g., plant sterol) per day. Typically more than 50% of the cholesterol is absorbed and retained in the body, in contrast to only 1-5% of plant sterols (Lammert and Wang 2005; Wang 2007; Oram and Vaughan 2006) . Plant sterol (phytosterol) acts at the enterocytes to reduce cholesterol absorption by 40-60% by binding with cholesterol esterase, cocrystallizing with cholesterol and competing with cholesterol for adenosine triphophate-binding cassette proteins (Kassis et al. 2008) . In humans, intestinal cholesterol absorption efficiency varies over a broad interindividual range (20-80%) . This wide range implies that dietary and genetic factors may play a crucial role in the cholesterol absorption process (Lammert and Wang 2005; Oram and Vaughan 2006; Sehayek 2003) .
Niemann-Pick C1-like 1 (NPC1L1) protein resides in the apical surface of enterocytes and hepatocytes and regulates the absorption of phytosterol and cholesterol. It is regarded as a key modulator of cholesterol influx (Davis et al. 2004; Temel et al. 2007 ). On the other hand, two proteins from the ATP-binding cassette subfamily, ABCG5 and ABCG8, form a functional heterodimer that is localized at the apical membrane of enterocytes and the canalicular membrane of hepatocytes. ABCG5 and ABCG8 act as an efficient exporter, pumping dietary sterols back into the gut lumen and biliary excretions from the liver. In this way, the heterodimer of ABCG5/ABCG8 reduces intestinal absorption and promotes biliary excretion of phytosterols and cholesterol (Hazard and Patel 2006; Ordovas and Tai 2002; Klett et al. 2004) . In humans, the efficiency of cholesterol absorption is counterbalanced by the NPC1L1 and the ABCG5/ABCG8 system in order to adjust dietary sterol absorption and biliary excretion (Oram and Vaughan 2006; Temel et al. 2007; Klett et al. 2004; Š tefková et al. 2004) .
In reports on Caucasians, no association has been observed between NPC1L1 polymorphism and baseline total cholesterol (Simon et al. 2005; Cohen et al. 2006) . Besides, nonsynonymous polymorphisms of NPC1L1 are very rare in both Caucasian and Han populations, so theoretically the genetic influence of NPC1L1 could not make a significant contribution to cholesterol homeostasis in our population. However, gene mutations in ABCG5/ABCG8 transporters lead to abnormal absorption and excretion of sterols and result in sitosterolemia, which manifests clinically as hypercholesterolemia. This has been associated with premature coronary atherosclerosis and death (Hubá-ček et al. 2001) . Common sequence variations in the ABCG5 and ABCG8 genes have been reported to account for the variability in cholesterol and phytosterol absorption Plat et al. 2005; Hubáček et al. 2004; Miwa et al. 2005; Weggemans et al. 2002) . Although a clear link has been established between ABCG5/ABCG8 genes and modification of the absorption and/or synthesis of plant sterols, there is still no consensus on the association of plasma total cholesterol and ABCG5/ABCG8 gene polymorphisms (Sehayek et al. 2004; Berge et al. 2002) . Large-scale study data on the genetic effect on this association and cholesterol homeostasis are scarce. The levels of plant sterol and cholesterol in the Chinese diet also differ greatly from those in the Western diet (Zhou et al. 2003) . Therefore, the current study was undertaken to assess the effect of ABCG5/8 polymorphisms on the serum total cholesterol and low-density lipoprotein cholesterol (LDL-C) levels in a Taiwanese population consuming an ordinary Chinese diet.
Materials and methods
The study subjects were recruited from a general population that attended the Department of Preventive Medicine at the Kaohsiung Medical University Hospital for health check-ups from July to December in 2005. Participants with recognized secondary dyslipidemia due to diabetes, nephrotic syndrome, chronic liver disease, alcoholism, Cushing's syndrome, hypothyroidism, or users of lipidlowering agents were evaluated by an experienced physician and excluded by a detailed medical history review as well as biochemistry analysis. When the exclusion criteria were applied, 1,046 subjects (894 men and 152 women) consuming the ordinary Chinese diet were included in this study. According to the investigation performed during the INTERMAP study, the ''ordinary'' Chinese diet is composed of carbohydrate (68 vs. 62% of total calories), fat (20.5 vs. 19.5% of total calories), protein (12.6 vs. 12.2% of total calories), cholesterol (218 vs. 146 mg/day), and fiber (30.5 vs. 26.1 g/day) for men vs. women, respectively (Zhou et al. 2003) .
Under the supervision and approval of the Institutional Review Board in Kaohsiung Medical University (KMUH-IRB-940175), a blood sample was taken from each subject following an overnight fast. DNA was isolated from the EDTA-treated blood samples by the standard method. A multichannel autoanalyzer recorded a full lipid profile for each participant, including serum cholesterol, triglyceride, LDL-C, and high-density lipoprotein cholesterol (HDL-C). Plasma glucose (dehydrogenase method) was measured by autoanalyzer, and serum insulin was quantified with commercial kits (radioimmunoassay; Diagnostic Products Corporation, Los Angeles, CA, USA). Insulin sensitivity was indicated by the homeostatic model assessment insulin resistance (HOMA-IR) index, calculated using [fasting glucose (mmol/l) 9 fasting insulin (uU/ml)]/22.5.
From the National Centre for Biotechnology Information (NCBI) website, we selected the common (minor allele frequence [5%) nonsynonymous polymorphisms in the Han population for this study. However, D19H of the ABCG8 gene, which has a frequency of less than 5%, was also chosen because of its strong correlation to cholesterol homeostasis as reported in the literature Hubáček et al. 2004; Kajinami et al. 2004a Kajinami et al. , 2004b . Five nonsynonymous polymorphisms, including Q604E (rs6720173) of the ABCG5 gene and D19H (rs11887534), C54Y (rs4148211), T400K (rs4148217) and A632V (rs6544718) of the ABCG8 gene, were chosen for genotyping (http://www.ncbi.nlm.nih.gov/). Genotyping was carried out using the TaqMan technology. Briefly, PCR primers and TaqMan Minor Groove Binder (MGB) probes were designed and reactions were performed in 96-well microplates with ABI 9700 thermal cyclers (Applied Biosystems, Foster City, CA, USA). Fluorescence was measured with an ABI 7500 Real Time PCR system and analyzed with its System SDS software, version 1.2.3.
Serum total cholesterol levels from the population sample were divided into three groups in accordance with guidance from the National Cholesterol Education Program-Adult Treatment Panel III (NCEP-ATP III): desirable (\200 mg/dl), moderately high (200-239 mg/dl) and high (C240 mg/dl). Similarly, the serum LDL-C level was classified as desirable (\130 mg/dl), moderately high (130-159 mg/dl) and high (C160 mg/dl) (Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults 2001).
Statistical analyses
All statistical analyses were performed with SPSS 12.0 for Windows (SPSS Inc., Chicago, IL, USA). Results for continuous variables were expressed as mean ± standard deviation (SD). Allele frequencies were estimated by direct gene counting. Each genotype was tested for HardyWeinberg equilibrium by using the chi-square test. Haploview TM software was used to reconstruct the haplotype blocks and haplotype analysis was done using the Hapclustering software (Tzeng et al. 2006) . Comparisons of categorical variables among groups were assessed using the chi-square test. Continuous variables with normal distributions were compared between groups using one-way ANOVA or t test. Variables that were not normally distributed were compared between groups (e.g., HOMA-IR) using the Mann-Whitney U test. Logistic regression was used to estimate the genetic effect (expressed by the odds ratio) on the trichotomized total cholesterol and LDL-C levels using the desirable level as the reference. Therefore, we obtain odds ratios for high and moderately high levels. Adjusted odds ratios were estimated using multivariable logistic regressions and additional adjustments were made for age and sex. Statistical significance was defined as a P value of \0.05 using a two-tailed test.
Results
Our population included 1,046 subjects (894 men and 152 women) with a mean age of 47.0 ± 9.3 years (ranging from 20 to 77 years). Their serum cholesterol levels ranged from 114 to 350 mg/dl, and their serum LDL-C levels were distributed from 50 to 245 mg/dl. Five nonsynonymous polymorphisms (ABCG5: Q604E; ABCG8:D19H, C54Y, T400K, A632V) were genotyped in our population. In our initial genotyping of 500 subjects, A632V was found to be monomorphic and it was removed for further investigation. The minor allele frequencies (MAFs) of Q604E (C:G); D19H (G:C), C54Y (G:A) and T400K (C:A) were 10.5, 1.4, 9.7 and 8.0%, respectively. The genotype distribution was in Hardy-Weinberg equilibrium for all polymorphisms. These allele frequencies were different to those reported previously in European-American populations (http://www.ncbi.nlm.nih.gov/SNP/). Our results showed that the minor C allele of D19H occurred with a lower frequency in Chinese than in Caucasians. Table 1 shows the association between the serum total cholesterol/LDL-C levels and the genotypes of the ABCG5 and ABCG8 genes. Subjects with genotype Q604 (CC) had significantly higher serum total cholesterol levels than those of genotypes Q604E (CG) or 604E (GG). The serum total cholesterol and the LDL-C level were significantly higher in subjects with the D19H (GC) genotype than those with D19 (GG). There was a significant difference in the genotype frequencies between the three categories of cholesterol level (Table 2 ). This exhibited a significant trend with an increasing frequency of the C allele in Q604 (ABCG5) and D19H (ABCG8) genotypes from the desirable to the moderately high and then to the high cholesterol category. As there were only a few with the genotype of Q604 (CC), further analysis of this was limited. Haplotype analysis using the three SNPs of ABCG8 did not demonstrate a significant association with serum cholesterol (P = 0.18) or LDL-C level (P = 0.81). The relationships of the biochemical parameters to the genotypes of the D19 and D19H polymorphisms are shown in Table 3 . Subjects with genotype D19H (GC) have significantly higher serum cholesterol and LDL-C levels than those with D19 (GG). Although there was no difference in metabolic biomarkers (BMI, blood pressure, fasting glucose) between these two genotypes, subjects with genotype D19H (GC) had a significantly higher HOMA-IR index than those with D19 (GG). The genotypic effect on serum cholesterol and LDL-C levels was tested for D19H (Table 4 ). The results showed that the subjects with the D19H genotype (i.e., the GC genotype) were significantly associated with a higher risk of raised cholesterol and LDL-C levels than subjects with D19 (GG). This risk remained significant after adjustment for age and sex.
Discussion
In the present study, we investigated the relationship between five nonsynonymous polymorphisms of ABCG5/ ABCG8 and serum total cholesterol and LDL-C levels. Our results demonstrated that subjects with the C allele of the D19H polymorphism had significantly higher total cholesterol and LDL-C levels compared with subjects that did not carry the C allele. In addition, subjects with the D19H variant were associated with an almost threefold higher risk of developing high total cholesterol and LDL-C levels compared with those with D19 in this large population. Our finding implicated that the D19H polymorphism may have a functional consequence due to the substitution of aspartic acid by histidine, which results in a conformational change that alters the ability to export sterol and cholesterol homeostasis. It has been reported that the D19H polymorphism is linked to a lower plant sterol and cholesterol absorption efficiency. However, there has been no consistent conclusion about the changes in the serum lipid profiles (including serum cholesterol and LDL-C levels) in subjects with this polymorphism so far Plat et al. 2005; Hubáček et al. 2004; Kajinami et al. 2004a, b) . Berge and colleagues identified significantly reduced plant sterol absorption in carriers with the D19H polymorphism in a family study of a healthy normolipidemic population, but there was no association of the serum lipid level with this polymorphism (Berge et al. 2002) . Gylling et al. conducted another study with a population of subjects with mild to moderate hypercholesterolemia (serum total cholesterol \7.5 mmol/l, equal to 285 mg/dl). They found that D19H/19H (GC or CC) variants were more frequent in the lowest cholesterol absorption tertile. Serum total cholesterol (5.37 ± 0.15 mmol/l) and LDL-C levels (3.29 ± 0.14 mmol/l) were lower in subjects with D19H/19H (GC or CC) variants than in those (5.82 ± 0.07 mmol/l; 3.78 ± 0.07 mmol/l) with the D19 genotype . Kajinami et al. found that hypercholesterolemic patients (LDL-C C160 mg/dl) with D19H/19H variants had a lower total cholesterol level at baseline. However, subjects with D19H/19H variants were noted to exhibit greater reductions in LDL-C levels with statin treatment under the NCEP step 1 diet throughout the study. The greater response of LDL-C to statin treatment could be explained by a compensatory increase in endogenous cholesterol synthesis in subjects with D19H/19H variants compared to the D19 variant (Kajinami et al. 2004a (Kajinami et al. , 2004b . The discordance between our results for the serum total cholesterol and LDL-C levels in our subjects with D19H and previous results may be attributed to the following reasons: (1) the populations studied had different recruitment criteria for serum lipid levels; (2) dietary habits of different races; (3) different dietary interventions within the study period.
Although our study design was not a hyperlipidemic cohort study, it essentially enrolled a large, normal, healthy population for routine physical examination. These results clearly demonstrated that the D19H polymorphism, even though it was rare, significantly contributed to an independent genetic risk of developing high total cholesterol and LDL-C levels. As reports have shown previously, this points to the fact that subjects with D19H/19H (GC or CC) variants are disposed to having a lower cholesterol absorption efficiency Hubáček et al. 2004; Kajinami et al. 2004a Kajinami et al. , 2004b . However, the cholesterol absorption efficiency of the intestine is inversely proportional to the rate of hepatic cholesterol biosynthesis. Since hepatic cholesterol biosynthesis has the greatest effect on cholesterol homeostasis (Lammert and Wang 2005; Wang 2007; Sehayek 2003; Temel et al. 2007) , we can plausibly speculate that the compensatory hepatic cholesterol biosynthesis in subjects with D19H (GC) caused their higher serum total cholesterol and LDL-C levels than those observed with the D19 (GG) genotype in our results.
It has been recognized that dietary plant sterols can lower the serum total cholesterol level with a doseresponse effect by competing with and inhibiting intestinal cholesterol absorption. Also, the withdrawal of dietary plant sterol attenuates the overall cholesterol-lowering effects of lipid-lowering agents (Jenkins et al. 2008) . Although dietary intake of phytosterol results in a lower absorption efficiency of cholesterol, it may also upregulate the de novo biosynthesis of cholesterol somewhat (Lammert and Wang 2005; Wang 2007; Lichtenstein and Deckelbaum 2001; von Bergmann et al. 2005) . Based on the INTERMAP study performed at the end of twentieth century, it is clear that there is still a significant difference in dietary composition between East Asian (Chinese) and Western (UK and USA) diets. The Western diet has significantly higher cholesterol and lower fiber contents than the Chinese diet, in both men and women (Zhou et al. 2003) . Following a survey of the consumption of plant sterol throughout the world, it has been shown that different populations consume very different amounts of plant sterol. It appears that plant sterol intake is high in Asian populations and much lower in Western populations (Chan et al. 2006) . It is known that both plant sterol and cholesterol absorption vary widely among individuals and are determined by genetic influences (Lammert and Wang 2005; Wang 2007; Sehayek 2003) . At the physiological level, the serum cholesterol level is maintained mainly by de novo synthesis in the liver and partially by the absorption efficiency of the intestine (Wang 2007; Davis et al. 2004; Temel et al. 2007 ). Based on the findings of Gylling et al. (2004) and Kajinami et al. (2004a) , subjects with D19H/19H have a lower cholesterol absorption efficiency but respond more to statin treatment than D19 subjects. Upon comparing our results with those in previous reports, we rationally assumed that consuming a higher ratio of plant sterols to cholesterol in the diet may influence the relative absorption efficiency of cholesterol in subjects with D19H variants, causing a much lower cholesterol absorption and therefore increasing hepatic cholesterol biosynthesis, thus resulting in higher serum total cholesterol and LDL-C levels than those of D19 variants.
Our results indicated that subjects with D19H variants had greater insulin resistance (higher HOMA-IR index) than those with D19 variants, although they did not differ in terms of other metabolic biomarkers (BMI, blood pressure, serum triglyceride, plasma glucose). Upon reviewing the literature on Caucasians, the polymorphisms of ABCG5 and ABCG8 genes did not differ between cases of metabolic syndrome and matched control (Gylling et al. 2007) . In a study of hypercholesterolemic subjects, Q604E polymorphism was linked to insulin resistance in men . It has been demonstrated there is a complex interrelation between cholesterol, glucose and insulin response. The insulin resistance status is significantly associated with increased cholesterol synthesis and decreased cholesterol absorption ). High-fiber diets such as those based on modified carbohydrates from rye bread and pasta significantly decrease cholesterol absorption but enhance cholesterol synthesis (Hallikainen et al. 2006) . Therefore, the higher insulin resistance status of our subjects with the D19H polymorphism is reasonably explained by the effects of lower cholesterol absorption and higher cholesterol synthesis compared to those with D19 variants. Their higher serum total cholesterol and HOMA-IR may lead to a higher risk of progressive atherosclerosis and cardiovascular disease in people with the D19H polymorphism. It seems wise to start preventive intervention strategies for atherosclerosis earlier in carriers of the D19H polymorphism.
In conclusion, there is a significant association of the ABCG8:D19H polymorphism with hypercholesterolemia and higher HOMA-IR index. D19H polymorphism could be regarded as a susceptible gene marker for developing high total cholesterol, high LDL-C levels and insulin resistance in people consuming a Chinese diet. Because of the limited number of D19H subjects in our population, this result can be regarded as intriguing but tentative, and will therefore require more study before any further application of it is made.
